Yttria-stabilized zirconia hollow fibers (YSZ-HFs) containing radial wall microchannels with one end opening on the inner surface were prepared, and robust reactor modules of 
Introduction
Automotive exhaust is regarded as one of the major sources of the atmospheric pollution. 1, 2 The catalytic converters employed nowadays for automotive exhaust treatment usually consist of two parts: ceramic monoliths and supported catalysts. 3 The ceramic monoliths are composed of interconnected repeating cells, and always have a honeycomb like crosssection. 4 The lower the pressure drop, the lower the energy loss. 5 It leads to an important advantages of the monolith, which is the low flow resistance and then low pressure drop.
The extrusion process, which is the most commonly used method for making ceramic monolith, must be satisfied first with an adequate plastic paste to permit extrusion then immediate solidification to form the monolith shape. Moreover, there is a compromise for the ceramic monoliths between to achieve an elevated mechanical property and to have high specific surface area, for which purpose generally permanent agglomerations are added. 6 Ceramic hollow fibers (CHFs) have served as catalyst support in catalytic hollow fibers membrane reactors, and succeeded in several catalytic processes. 7, 8 The CHFs are usually prepared by a combined non-solvent induced phase inversion and sintering method, which allows a flexible tuning over morphologies and microstructures, and a wide range of ceramic materials can be adopted. [9] [10] [11] [12] The suspension required for the phase inversion technique has a better fluidity, thus allowing easier extrusion. Besides, the non-solvent induced solidification process is tolerant of the rheological property of suspension, 4 suspensions within a considerable viscosity range can be solidified. 9 CHFs usually consist of a large number of ordered micro-channels sandwiched between one or more sponge-like layer, which greatly increases the ratio of surface to volume. 13 The catalytic performance of catalytic hollow fibers can be affected by the morphology of the hollow fiber substrate, the distribution of the catalyst, the configuration, and other factors. Gallegos-Suárez 7 and
García-García 14 et al. investigated the effects of morphology for Al2O3 hollow fiber on the catalytic performance, their results indicated that the sponge-like structures benefited the formation of smaller catalyst particles, and compared with symmetric structures (consist entirely of sponge-like structure), asymmetric structures (consist of both sponge-like structure and microchannels) presented a better catalytic performance because of the improved heat-and mass-transfer efficiencies and the higher internal area provided by the micro-channels. An et al. 15 prepared perovskite hollow fiber membrane modules by bonding the hollow fibers with another porous perovskite binder, which not only provided mechanical strength to the hollow fiber bundles, but also promoted the surface exchange rates. The results confirmed the feasibility of building a ceramic hollow fiber module by bonding them together.
Catalysts supports in the automotive exhaust catalytic converter are required to serve in very harsh operating conditions with temperatures exceeding 1000 °C, in this case ceramic materials with high melting temperature and resistance to oxidation are supposed to be appropriate. 16 Furthermore, the crucial mechanical properties for the supports include and result in a degradation of catalytic activity. 17, 18 In this work, the yttria-stabilized zirconia hollow fibers (YSZ-HFs) were prepared by a combined non-solvent induced phase inversion and sintering method, LaMnO3 was incorporated as a three-way catalyst into the hollow fibers by the sol-gel Pechini method and then assembled as a catalytic converter for automotive exhaust treatment. The mechanical and catalytic performance of the hollow fibers were evaluated and compared with that of the cordierite honeycombs (CHs). The modules of YSZ-HFs were prepared by bundling fibers together to assess the feasibility of assembly and the subsequent mechanical properties.
Experiments

Preparation of YSZ hollow fiber reactors
The suspension for preparing YSZ-HFs was composed of 85. and internal coagulant respectively. The green hollow fibers formed were remained in the coagulation bath for 48 h to complete the phase inversion process. Then the greens were dried at room temperature and sintered at 1300 °C for 2 h (Carbolite furnace, UK) with a heating and cooling rate both of 5 °C/min to achieve a proper mechanical property.
Incorporation of catalysts
The LaMnO3 catalyst was deposited using the sol-gel Pechini method. The YSZ-HFs and CHs were completely immersed in the catalyst solution. Then the mixture of catalyst solution and catalyst supports was transferred into a sealing vessel and degassed under vacuum until there was no visible bubble, the vacuum was maintained for 12 h to make sure that the solution had infiltrated the supports sufficiently. After that, the deposited YSZ-HFs and CHs were dried at 60 °C for 12 h and then polymerized at 115 °C for 12 h. The xerogel formed during the polymerization process was calcined at 800 °C for 1 h to complete the crystallization. The amount of catalyst deposited on the YSZ hollow fiber and honeycomb was determined by weighing before and after the deposition and calcined steps. The LaMnO3 powder were also prepared by fresh catalyst sol-gel solution under the same condition to confirm the crystallization process.
Catalytic performance
The catalytic performances of the catalyst deposited YSZ-HFs and CHs were evaluated using a purpose-built experimental apparatus (as shown in Figure 1 ). The YSZ-HFs and CHs were assembled in alumina tubes and the junctions were sealed with cement glue to ensure the airtightness. The alumina tubes were then inserted in the furnace and centered in the uniform heating zone (10 cm), the temperature was measured by a thermocouple adjacent to the alumina tubes. The feed stream contained NO (0.08vol%), C3H8 (0.2vol%), CO (1.8vol%), CO2 (10vol%), and O2 (1.81vol%), balanced with N2. The composition of reacted gas from the reactor was analyzed by gas chromatographs (GC-14B, Shimadzu).
The catalytic performance test was investigated at 100 °C-900 °C with 100 °C intervals, 8 under atmospheric pressure. The gas hourly space velocity (GHSV) was 30000 h -1 , defined as volumetric flow rate of reactants (m 3 /h) over total volume of catalytic reactor (m 3 ). The catalytic efficiency was evaluated based on effective conversion of CO, NO and C3H8. 
Mechanical performance and thermal shock resistance
The mechanical performance of the two supports was measured with four points flexure tests by a mechanical testing machine (ZWICK, Roell Z020). The outer span was 40 mm and the inner one was 20 mm. All the samples were placed horizontally on the support, and the loading speed of pressure head was 0.5 mm/min with a preload of 0.2 N. The four points flexural strength was calculated by: σ = M⋅c/I, where the σ was flexural strength, M was the applied moment, c was the distance from neutral axis, I was the second area moment (moment of inertia). 9 In order to simulate the real service condition, the four-points flexure tests were also performed on the two different supports with the minimum configuration of modules. The modules of CHs were cut from a monolith and contain four channels, and the modules of YSZ-HFs were prepared by bundling three fibers with commercial cement glue.
Thermal shock tests were conducted by placing the YSZ-HFs and CHs in a cyclic heating and cooling process from room temperature to a peak temperature of 900 °C. The samples were maintained at peak temperature for 90 s and then cooled down in 90 s in flowing air.
Four points flexure tests were conducted with the samples which went through 0, 50, 100, and 200 cycles to test the thermal shock resistance of the supports, and the anti-sintering property of the catalysts was evaluated by the coarsening of the catalyst particles during the thermal shocks.
Characterization
The microstructure of supports with and without catalyst deposition were observed by using a scanning electron microscopy (MAIA3, TESCAN). The samples were gold coated for the electron micrographs of inner and outer surface, as well as the fracture surfaces.
The porosity of samples was obtained by image analysis (Image J), and the elastic modulus was calculated with the porosity by the MacKenzie model. The catalyst deposited YSZ-HFs and CHs were crushed into pieces for temperature program reduction (TPR) analysis (AutoChem II 2920, Micromeritics). 5 mg of catalyst was used for both the two supports by using the catalyst mass concentration obtained from previous step. The samples were loaded in a quartz U-tube reactor and pretreated under an Ar flow (30 ml/min) at 120 °C to remove the adsorbed water. After cooled to 50 °C, the samples were exposed to a flow of 5% H2/Ar (30 ml/min) and the temperature were raised to 1000 °C at a rate of 10 °C/min. 
Results and discussion
Microstructure of the YSZ hollow fibers
Catalytic performance
The incorporation of the LaMnO3 catalyst was carried out using the sol-gel Pechini method, the catalyst loadings were 4.5% and 3.6% for the YSZ-HFs and the CHs respectively. The diffractograms of LaMnO3 powder (Figure 3b ) showed the presence of LaMnO3.15
phase. 21, 22 The pattern presented characteristic diffraction peaks of the target product, which indicated that the LaMnO3 catalyst could be crystallized under the given experimental conditions. The XRD analyses were also carried out on the YSZ-HFs before and after the catalyst deposition (Figure 3a) . The comparison of XRD patterns of the bare and catalyst deposited samples confirmed the presence of the LaMnO3 catalyst (signed with red stars) on the YSZ-HFs. 23 It is worth mentioning that the La/Zr atomic ratio of outer surface was larger than that of the inner surface, indicating a better coverage of catalyst on the outer surface. 22 The catalyst loading of the inner surface by the sol-gel infiltration procedure strongly depended on the contact angle and the pore geometry. 24, 25 However, the roughness of the inner surface could weaken the wettability, 26 resulting in a poorer coverage of catalyst film consequently. The effect of the catalyst support on the reduction properties of the perovskite catalysts was studied by H2-TPR. Figure 5 showed the TPR profiles of catalyst deposited YSZ-HFs and CHs. The several reduction peaks observed here were corresponding to the surface (small peaks at T < 400 °C) and bulk (T at ~500-600 °C and ~700-900 °C) reduction of the catalysts. 27 However, only the catalyst deposited YSZ-HFs showed a weak peak before 400 °C. In general, these reactive surface oxygens could be located either at some surface defects or correspond to oxygen adsorption on centers at some perovskite faces.
Disappearance of the low-temperature peak suggested a less reactive densely packed structure of the catalyst. The peaks at 500-600 °C could be assigned to the removal of the non-stoichiometric oxygen accommodated within the lattice which could be ascribed to Mn 4+ → Mn 3+ . 28 Besides the catalyst, there was no excess oxygen in the cordierite, and non-stoichiometric oxygen vacancies were presented only within the YSZ materials. The oxygen vacancies
were not helping the reduction process, yet they could be beneficial to the decomposition of NOx. 29 The second peak corresponding to the bulk reduction of catalyst was assigned to the reduction of Mn 3+ to Mn 2+ . 30 
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The color of the samples, initially black, became grey after reduction at 1000 °C, suggesting that new phases were formed. The lower temperature peak position for the catalyst deposited YSZ-HFs indicated a lower activation energy for the reduction of Mn
3+
to Mn 2+ , which could be contributed by the lower incorporation of manganese into the zirconia lattice, favoring the target perovskite phase formation. 17 The ability of the catalyst to maintain redox properties could be modified by the strong interactions between the support and catalyst, studies had shown that zirconia was beneficial to increase the catalytic activity of the perovskite catalyst. The catalytic performance the YSZ-HFs and the CHs were evaluated based on the effective conversions of three main pollutants. Figure 6 showed the catalytic performance of the two catalysts supports. Apparently, effective conversions of the pollutants increased with temperature, and although the C3H8 conversion of YSZ-HFs was slightly lower than that 17 of the CHs before 700 °C, it reached a complete purification faster. The NO conversion of YSZ-HFs started to show an advantage from 500 °C and maintained until a complete conversion. Moreover, the CO conversion of YSZ-HFs was higher than that of the CHs throughout the process.
The CO was oxidized by the dissolved oxygen species adsorbed on the catalysts surface, 27 the zigzag catalyst film of YSZ-HFs promoted the adsorption of oxygen and CO by providing more corners/steps. 7 Moreover, the reactive surface oxygens located on the catalytic YSZ-HFs could promote the low temperature oxidation of CO. 33 Meanwhile, the catalyst film of CHs featured by faces/planes provided more adjacent sites, which were necessary for the C3H8 adsorption, 7 resulting in a higher C3H8 conversion of CHs before 700 °C. However, the participation of lattice oxygen could compensate the depletion of surface oxygen, maintaining the C3H8 conversion. The lower desorption temperature of lattice oxygen was the possible reason for the higher C3H8 conversion of catalytic YSZHFs above 700 °C. The surface oxygen vacancies acted as the critical deoxidizer and provided anchoring sites for NO. 27 Both the catalysts and YSZ were sources of the oxygen vacancies, 34 therefore, the YSZ-HFs were able to maintain a higher NO conversion. The results also indicated that the widely opened radial micro-channels of the YSZ-HFs could provide an ideal flow of reactants, significantly reducing the diffusion limitation and consequently allowing a more efficient interaction between the catalysts and the reactants. 35 18 Figure 6 . Temperature-dependent effective conversions of C3H8, CO and NO of the catalyst deposited YSZ-HFs and CHs.
Thermal shock resistance
Supports used in the automotive exhaust catalytic converter can experience a rapidly changing temperature from room temperature to over 1000 °C accompanied with thermal shock. Figure 7 presented the flexural strength of the YSZ-HFs and the CHs after different cycles of the thermal shock tests, the flexural tests were performed on the single fiber samples for YSZ-HFs, and the CHs was cut into bar samples containing a single channel for tests.
The flexural strengths of the YSZ-HFs were about three times those of the CHs for both the bare and catalyst deposited samples. The strength of bare YSZ-HFs was approximately 135 MPa, which was also much higher than that of similar alumina fibers in the previous 19 study. 8 During bending tests, the maximum tensile stress located on the outer surface of samples, and the volume under maximum tensile stress was smaller in the hollow cylinder than that in the square tube, suggesting a higher fracture strength of the hollow cylinder (namely, the YSZ-HFs samples). 36 Moreover, the theoretical fracture strength of brittle materials was approximately proportional to the elastic modulus. 37 The elastic modulus of YSZ-HFs calculated by porosity was higher that of the CHs, which indicated that the former can achieve higher strength. However, the fracture strength of YSZ-HFs was also influenced by the pore size and its degree of anisotropy. 38, 39 Stress concentration severely occurred at anisotropic pores, and resulted in the crack initiation. 38 Furthermore, the high porosity of YSZ-HFs could reduce the free energy expended in creating the new crack surfaces, favoring the crack propagation. Therefore, the higher fracture strength of YSZHFs was attributed to the geometry and higher elastic modulus of the YSZ material. HFs. This phenomenon could be explained by the fact that during the impregnation process, the larger the voids, the more sol-gel solution filled in, allowing the perovskite particles to grow larger during the polymerization process. Moreover, the catalyst deposited on the CHs cracked and detached significantly after 200 cycles of thermal shock. The thermal expansion coefficient (CTE) of the LaMnO3 was 11.2×10 -6 /K while that of the cordierite was around 1.5×10 -6 /K, 40,41 the significant discrepancy of CTE between the catalyst and the cordierite was supposed to cause considerable stresses during the thermal shock. The catalyst films were subjected to tensile stresses during the cooling process because of the higher CTE, and the stresses could weaken the adhesion between the catalysts and supports, resulting in the detachment of catalyst. The tensile stresses could promote the grain growth as well, 42 which explained the significantly coarsening of catalyst particles over the fracture surface of CHs in Figure 8d . Considering that the CTE of YSZ was around 10.5×10 -6 /K, 40 22 which was close to that of the LaMnO3, the CTE mismatch stress between the catalyst and YSZ-HFs would be much smaller. The coarsening of catalyst particles and the cracking of catalyst films were less for the YSZ-HFs after 200 cycles of thermal shocks when compared with CHs, benefited from the smaller CTE mismatch stresses. Besides, an appropriate roughness of the substrate could enhance the bonding between the thin films and the substrates by trapping the cracks, 43 in this case the planar interfaces between the catalyst films and the CHs lacked the ability to prevent crack extending.
Furthermore, the micro-cracks caused by the CTE mismatch stress may also be responsible for the degradation of flexural strength of the catalyst deposited cordierite samples.
Modules of catalyst supports
In order to evaluate the mechanical performance under realistic working condition, four points flexure tests were also performed with the minimum configuration of modules of two catalyst supports. The load-displacement curves of all the samples were shown in Figure 9a , and the inserted schematics represented the configuration of the two modules.
The average fracture strength of YSZ-HFs modules was 146.31±12 MPa, while that of the CHs was 31.74±4.07 MPa. It was also noticed that every loading curve of the YSZ-HFs modules showed several pop-in discontinuities. Given that the YSZ-HFs were glued together with cement, the modules could be treated as a composite system for the analysis of mechanical performance. During the flexure tests, the maximum tensile stress was acting on the lower surface of the modules, the downside fibers were supposed to be fractured firstly, following by the crack propagation along the interface between the fibers and the cement. Final fracture occurred when the load reached the tensile strength of the upper fiber. The discontinuities on the load-displacement curves were contributed by a discontinuous fracture, each pop-in on the load-displacement curve was corresponding to a redistribution of stress across the cross section of modules. The fracture surfaces in Figure 9b provided evidence of the crack deflection and the debonding between the fiber and cement, which agreed with the fracture micro-mechanisms. 44 Most of the cracks were located in the cement rather than the YSZHFs, indicating that the configuration of bundling could be beneficial to the mechanical 24 performance by providing a bonding material to absorb the fracture energy. Compared with single samples, the strength of YSZ-HFs modules increased, which might come from the contribution of cement. The facture surfaces of CHs modules presented no stepped feature (shown in Figure 9c ), and there were no corresponding discontinuities on the loaddisplacement curves as well.
In addition to the mechanical properties, the number of channels per square inch (cpsi) was also an important property for the three-way catalyst support. The cpsi coupled with wall thickness, mainly defined the geometric surface, a key factor for mass-transfer controlled reactions and pressure-drop. The cpsi of YSZ hollow fibers was calculated as about 2400, which was far more better than the best commercial products at present (Celor ® substrates, Corning Inc., 900 cpsi). Although the wall thickness of YSZ hollow fibers was larger than commercial products, the micro-channels on the wall of hollow fibers could provide extra surface area for the catalytic reaction.
Conclusions
YSZ-HFs with asymmetric structure were prepared and used to develop an efficient catalytic hollow fiber reactor for the automotive exhaust treatment. The radially opened micro-channels of the hollow fibers facilitated the catalyst deposition, and the pack-pore cellular structures benefited a firmly combination of catalyst film. The catalytic YSZ-HFs presented a better catalytic performance than that of the CHs, which was the combined 25 results of catalysts morphology and lower desorption temperature of lattice oxygen. As important requirements of catalyst supports for the automotive exhaust treatment, the flexural strength and thermal shock resistance of the YSZ-HFs showed significant advantages over those of the CHs, because of the good mechanical properties of YSZ materials, as well as a less thermal expansion mismatch between the catalyst and the YSZHFs. The low thermal mismatch could also contribute to the integrity and the sintering resistance of the catalyst films. Besides, the feasibility of bundling the YSZ-HFs into a module was evidenced with the four-points flexure tests. Higher mechanical strength compared with single fiber was achieved, which was attributed to the cement and the interfaces between fibers and cement.
